Prior to the release from BSL-3 or -4 laboratories, materials from which nucleic acids are to be extracted must be rendered noninfectious. Typically, phenol/guanidine thiocyanate reagents such as TRIzol LS have been used to extract and inactivate RNA from infectious viruses. Because of the toxicity of this reagent to the tissue culture cells used to propagate viruses, it has been difficult to fully evaluate the sterility of extracted viral RNA using tissue culture. In this study, we have demonstrated the use of sucrose cushion centrifugation to remove TRIzol LS from extracted viral suspensions. The inactivated viral suspensions were then sterility tested without confounding cell toxicity from TRIzol LS. This method allowed a clear demonstration of the use of TRIzol LS to inactivate a broad group of viral families that include Togaviridae, Arenaviridae, Bunyaviridae, Coronaviridae, Filoviridae, Flaviviridae, and Paramyxoviridae at titers ranging from a high of 10 6.1 to 10 8.3 tissue culture infectious dose 50% (TCID 50/ mL) to the lower limit of virus detection in cell culture. TRIzol LS used in a ratio of 4 parts TRIzol LS to 1 part viral suspension inactivated representative viruses of all families tested.
Introduction
Many diagnostic assays such as polymerase chain reaction (PCR) and advanced molecular biology applications that include whole genome sequencing can be performed on extracted and noninfectious viral RNA, enabling analyses to be conducted at lower levels of biocontainment as well as reducing the risk of infection of laboratory personnel by allowing them to work outside of the containment laboratory.
Phenol/guanidine thiocyanate reagents, such as TRIzol LS, are useful for the extraction and inactivation of viral nucleic acids. However, their ability to eliminate infectious material in an extracted sample can be difficult to assess since phenol/ guanidine thiocyanate is toxic to cell culture even at dilutions 1:100 of standard use concentrations and below. [1] [2] [3] To circumvent the cell culture toxicity and difficulty to evaluate sterility, studies have separated phenol/guanidine thiocyanate from aqueous RNA and possible virus-containing solutions by dialysis or through the use of sucrose cushion centrifugation prior to sterility testing in cell culture. 4, 5 These studies have utilized Zaire ebolavirus as a representative virus for all enveloped, negative-, or ambi-sense RNA viruses.
Towner et al 5 have used a 20% to 60% sucrose cushion centrifugation procedure to separate a phenol/guanidine thiocyanate reagent from aqueous RNA and possible viruscontaining solutions. They would collect virus at the 20% to 60% sucrose interface with virus recoveries generally >50%.
We have modified their procedure by deleting the 60% sucrose cushion and collecting virus following centrifugation through a 20% sucrose cushion. This modification increased the sensitivity of sterility testing by enabling virus recoveries of generally >80% and allowed the evaluation of TRIzol LS for its ability to inactivate representative viral species for a range of viral families, including Togaviridae, Arenaviridae, Bunyaviridae, Coronaviridae, Filoviridae, Flaviviridae, and Paramyxoviridae.
Materials and Methods

Virus Propagation
All viruses were propagated in Vero cells obtained from ATCC (CCL81). Eighty percent to 95% confluent cell cultures were inoculated at a multiplicity of infection (MOI) of 0.001 and propagated at 37 C, 5% CO 2 in growth medium consisting of Glasgow Minimal Essential Media (GMEM) supplemented with 10% fetal bovine serum and 1% antibiotic-anti-mycotic (ThermoFisher Scientific product No. 15240-062). Culture supernatant was collected 6 to 10 days post-inoculation, clarified via centrifugation at 2000 Â g for 10 minutes, and used as virus preparation for RNA extraction and inactivation.
Virus Inactivation by TRIzol LS
Virus preparations ( Ultracentrifuge to pellet virus particles while leaving TRIzol LS in the PBS. After centrifugation, all liquid was carefully aspirated, and the pelleted material was rehydrated in 2 mL of GMEM.
Immunofluorescence Assay
All virus samples treated with TRIzol LS were tested for viability by culture on Vero cells followed by indirect fluorescent antibody assay (IFA). 6 Two hundred microliters from each resuspended pellet were added to a T-25 cell culture flask containing Vero cells at 80% to 90% confluency and GMEM. The cultures were then incubated at 37 C and 5% CO 2 for 10 days. On day 10, the flasks were scraped and their contents aspirated into conical vials. The aforementioned virus isolation procedure was repeated using 0.5 mL of the harvested material from the first T25 culture for another 10 days and observed for cytopathic effects (CPE). The cell slurries from both passages were applied to slides following the method of Hsiung.
7 Droplets of cell suspension were applied to slides and allowed to dry at room temperature in a biosafety cabinet. The sides were fixed for 15 minutes in acetone to permeabilize the cell membrane and secure the cells to the slide. After acetone fixation, the slides were stained with an antivirus antibody specific for the virus being tested, followed by a fluorescein-labeled goat anti-species antibody (Table 1) . Slides were then microscopically screened to detect cells exhibiting fluorescence. Negative control slides were prepared for each virus tested by inoculating Vero cell cultures with 200 mL GMEM and processing them, as previously described, for IFA. Positive control slides were prepared by inoculating 10 3 tissue culture infectious dose 50% (TCID 50 ) of each virus tested into Vero cell cultures and processing them, as previously described, for IFA. 
Tissue Culture Infectious Dose 50%
A TCID 50 assay was adapted from Lennette 8 for quantitating viable virus. Two hundred and twenty-two mL aliquots from each resuspended viral pellet were placed into wells of a 96-well plate containing Vero cells at 95% confluency. The aliquots were serially diluted 1:10 in the plates for a total of 11 dilutions and incubated for 1 hour at 37 C and 5% CO 2 . The wells filled with undiluted inoculum were then aspirated, and fresh GMEM was added. The plates were then placed back into 37 C and 5% CO 2 for 10 days. For CPEcausing viruses, cell monolayers were observed microscopically for the presence of CPE. The TCID 50 endpoint titer was calculated following the method of Reed and Meunch. 9 Negative control plates were prepared for each virus tested by inoculating Vero cell cultures with 200 mL GMEM and processing them, as previously described, for CPE. Positive control plates were prepared by inoculating 10 3 TCID 50 of each virus tested into Vero cell cultures and processing them, as previously described, for CPE.
Lymphocytic choriomeningitis (LCMV), Machupo, and Lujo viruses did not cause readily observable CPE in Vero cell monolayers. TCID 50 determinations were made, following the calculation method of Reed and Muench, 9 by monitoring 10-day cultures of serial sample dilutions for virus viability by IFA.
Sucrose Cushion Process Loss
To determine the viral loss of separating virus from TRIzol LS by centrifugation through a sucrose cushion, 140 mL of live virus was centrifuged through a 20% sucrose cushion. The TCID 50 of the collected virus was subtracted from the TCID 50 of the input virus. The differences were expressed in log 10 . All reactions were performed in triplicate, and virus recoveries were expressed as the mean virus recovery. Similarly, the process loss was expressed as mean log 10 + SD. 2) , and a Paramyxovirus (Nipah) were selected for the evaluation of the inactivation of viruses with TRIzol LS. Viral stocks used for these experiments were quantitated by TCID 50 to ascertain input viable virus numbers, and 
Results
Alphaviruses
Discussion
In this study, TRIzol LS extraction effectively inactivated all Alpha, Arena, Bunya, Corona, Filo, and Paramyxo viruses examined to the limits of detection of the utilized virus viability assays. The sterility assay limit of detection was the process loss of the sucrose cushion purification method. For most viruses examined in this study, the process loss was generally 0.1 to 0.2 logs of the input virus, which was consistent with virus titer loss from manipulations such as freeze thawing, purification, and centrifugation observed in other studies. [10] [11] [12] Variables in this study were the virus:TRIzol LS ratio (vol:vol) and the type of virus preparations that were used. The virus:TRIzol LS ratio was 1:4, which was more stringent than the 1:3 recommended by the manufacture and the virus preparations were clarified culture supernatants. If other reaction conditions are utilized such as different virus:TRIzol LS ratios, types of virus preparations such as cell lysates, or other viruses, it is suggested that the sterility of the Trizol LS extracted and purified RNA be verified following the methodology of this study prior to release from biocontainment.
